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West Nile virus (WNV), mosquito-borne and water-based disease, is increasingly a global
threat to public health. Since its appearance in the northeastern United States in 1999,
WNV has since been reported in several states in the continental United States.The objec-
tive of this study is to highlight role of hydroclimatic processes estimated through satellite
sensors in capturing conditions for emergence of the vectors in historically disease free
regions. We tested the hypothesis that an increase in surface temperature, in combination
with intensification of vegetation, and enhanced precipitation, lead to conditions favorable
for vector (mosquito) growth. Analysis of land surface temperature (LST) pattern shows
that temperature values >16°C, with heavy precipitation, may lead to abundance of the
mosquito population.This hypothesis was tested inWestVirginia where a sudden epidemic
of WNV infection was reported in 2012. Our results emphasize the value of hydroclimatic
processes estimated by satellite remote sensing, as well as continued environmental sur-
veillance of mosquitoes, because when a vector-borne infection like WNV is discovered
in contiguous regions, the risk of spread of WNV mosquitoes increase at points where
appropriate hydroclimatic processes intersect with the vector niche.
Keywords: vector-borne disease, precipitation, land surface temperature, MODIS, infectious diseases, prediction
models
INTRODUCTION
West Nile virus (WNV) is a mosquito-transmitted Flavivirus
belonging to the Japanese encephalitis antigenic complex of the
family Flaviviridae. The natural transmission cycle for WNV is
usually limited to birds and mosquitoes, routing to a host, which
may be birds, humans, or other mammals and reptiles, all of
which become infected when bitten by mosquitoes (1). Since
its appearance in the northeastern United States in 1999, WNV
was reported throughout the entire continental United States in a
relatively short period of time. In fact, WNV is now a very seri-
ous vector-borne disease in the United States because of its high
morbidity rate in humans, with severe impact on avian popula-
tions (2). Infected mosquitoes, in general, survive in hot, humid
environments where warm temperatures prevail and the vegeta-
tion is dense (3). The functional repertoire of a causative agent
of mosquito-based disease is unusually broad, accommodating
two distinctively different environments: the micro-environment
of the vector and the macro-environment of the aquatic habitat.
In the study reported here, the micro-environment is defined as
comprising those processes within the mosquito (vector),while the
macro-environment refers to hydrological, ecological, and climatic
processes affecting growth and proliferation of the mosquito.
Micro-environmental understanding of the disease is essential
if vaccine or treatment protocols are to be maximally effective.
However, a single disciplinary approach will have limitations
for prediction considering mosquitoes adapt to their environ-
ment. Furthermore, new and adaptive biotypes emerge over time,
making it unlikely that mosquitoes can be eradicated.
Remote sensing and geographic information systems (GIS)
have proven to be useful tools for gathering information helpful
in understanding relationships between large-scale hydroclimatic
and epidemiological processes that provide risk assessment for
human infections (4). Remotely sensed data in the visible and
infrared spectra used to map and forecast vector/water-borne
disease at spatial scales ranging from landscapes to the entire
earth (2).
The U.S Centers for Disease Control reported in August, 2012
that 1,118 WNV cases and 41 deaths had been confirmed nation-
wide. Because WNV is a relatively new disease in the continental
USA, only a few of studies have been published and these focus
primarily on single outbreak at discrete locations. Employing
hydroclimatic processes and variables, e.g., land surface tempera-
ture (LST), normalized difference vegetation index (NDVI), and
actual evapotranspiration (ETa), all derived from Moderate Reso-
lution Imaging Spectroradiometer (MODIS) over the Great Plains,
and linked it with outbreaks of WNV (2). Table 1 summarizes key
information from some of the current literature on association of
hydroclimatic variables, and WNV. Two important observations
were derived from the table is that there is emerging consensus
on a triggering mechanism relating hydroclimatic conditions to
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Table 1 | Summary of key available remote sensing basedWNV studies on hydroclimatic processes in the continental United States.
Author Reference Associated variables Geographic region
1 Zou et al. (2006) (5) Water bodies, vegetation Wyoming, USA
2 Liu et al. (2008) (6) Total length of streams, size of wetlands Indianapolis, USA
3 Liu et al. (2011) (7) Vegetation, precipitation Virginia, USA
4 Cleckner et al. (2011) (8) Vegetation, water bodies Virginia, USA
5 Liu and Weng (2009) (9) Land cover, surface temperature Chicago, USA
6 Chuang and Wimberly (2012) (2) ET, vegetation, surface temperature Great Plains, USA
7 Liu and Weng (2012b) (10) Summer temperature, deviation of temperature,
vegetation, elevation, vegetation
Southern California, USA
8 Chuang et al. (2012) (11) Air temperature, vegetation density South Dakota, USA
9 Liu and Weng (2012a) (1) Elevation, urban land cover Los Angeles, USA
mosquito abundance and human cases. However, some of the find-
ings from the studies are disputed in literature, e.g., Liu and Weng
(1) reported that NDVI were not a significant factor for WNV
transmission in Los Angeles, CA, USA Chuang et al. (2), on the
other hand, developed regression models with NDVI as one of the
major explanatory variables over North Great Plains. A parsimo-
nious hypothesis on triggering mechanisms for WNV is perhaps
lacking, due primarily to absence of data on the disease, as well
as snapshot types of analysis of individual outbreaks occurring at
discrete locations.
West Nile virus may never be eradicated since the disease vector
is naturally present in the environment. With no vaccine available,
a new approach for prediction and prevention of the disease is
needed. The aim of this short communique is to demonstrate
suitability of hydroclimatic processes derived from remote sens-
ing data to identify a region(s) where human WNV cases are not
yet epidemic or very few and unnoticed during the past years.
Within this context, the objective is to understand association of
two large-scale geophysical processes, LST and precipitation with
abundance of WNV mosquitoes in an area where human infection
is not yet epidemic. The hypothesis that increase in temperature
in conjunction with abundant vegetation lead to increase in mos-
quito activity, following precipitation was tested, with an alternate
hypothesis that a stable relationship between a given geophysical
variable and mosquito abundance does not exist, making satellite
monitoring not feasible for prediction of WNV.
DATA
West Virginia was selected as the region of interest for the study
because of the relatively low number of reported WNV human
cases, but a steady increase in the number of mosquitoes test-
ing positive for WNV. WNV mosquito activity has distinctive
seasonality, generally occurring during the early autumn season
(Figure 1A), with the potential to be linked with hydroclimatic
variability. A sudden increase in WNV mosquitoes during 2012
(12) in this historically virus free region, combined with low
prevalence of WNV cases in West Virginia, as occurred in, e.g.,
Colorado, California, and Texas, provided an opportunity for a
case study in the region. Most of the WNV positive mosquitoes
collected from pools in West Virginia were reported from June
through September (Figure 1A), suggestive of a seasonal geo-
physical changes in the environment affecting the mosquitoes
(8). The first cases of human WNV in West Virginia occurred
in 2002. Weekly data on mosquitoes testing positive for West
Nile were obtained from the Centers for Disease Control and
Prevention (CDC) ArboNET database, a national surveillance sys-
tem for arboviral diseases in the United States. Satellite data were
acquired from the MODIS and reprojected using MODIS repro-
jection tool over the entire West Virginia (rectangular upper left
corner 40°N and 82.67°W and lower right corner 37.17°N and
78.15°W). LST (MOD11A2) data were obtained in an 8-day com-
posite to minimize cloud effects and the fact that our analysis is
on monthly scale. Precipitation data obtained from the National
Oceanic and Atmospheric Administration, National Weather Ser-
vice. Precipitation data (PRECL) for the same grid box, available
at 1°× 1° resolution, were obtained from National Oceanographic
and Atmospheric Administration (NOAA).
RESULTS AND DISCUSSIONS
EMPIRICAL OBSERVATION ANALYSIS
Geographically, WNV positive mosquitoes were reported in cen-
tral to southern West Virginia (Figure 1B). Interestingly, these are
regions including Kanawha County that are economically impor-
tant to the state, where with coal, chemical, and natural gas indus-
tries are located. However, few human cases are reported for the
entire state of West Virginia, mainly because of the low population
density of West Virginia even in the urban areas. Figure 1A shows
that mosquitoes have a distinct seasonality, with peak activity dur-
ing the summer (highest observed positive cases in the month of
July), but the data are limited since sampling was not conducted
during the winter, the assumption being that mosquitoes are not
active in the environment in cold weather (12). Monthly time
series of WNV positive mosquitoes shows that mosquito activity
is steadily increasing each year (Figure 1C). Years 2012 (high num-
ber of WNV positive mosquitoes) and 2011 (low number of WNV
positive mosquitoes) were selected for the analysis. In total, 37%
of the pools tested yielded WNV positive Culex restuans and Culex
pipiens (68% of all mosquitoes collected during 2012), the primary
WNV species in the region (12). Two adjacent years were selected
for study to quantify relative changes in large-scale hydroclimatic
processes.
The 8-day composite LST from MODIS Terra platform was
used instead of daily LST data to minimize missing values caused
by cloud contamination. Figures 2A,B show eight panels for LST
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FIGURE 1 | (A) Seasonality (monthly average) of West Nile Virus
positive mosquitoes from 2003 to 2012; (B) cumulative spatial
distribution of positive infectious mosquitoes from 2003 to 2012
[red color indicate positive WNV mosquito counts >9; orange
color indicates counts between 1 and 9; and yellow indicates no
reported positive mosquito count]; and (C) time series for infectious
mosquito counts for West Virginia in last 10 years (data from
ArboNET).
for June and July, respectively. In 2012, Cabell and Kanawha
counties showed highest number of WNV positive mosquitoes
(Figure 1B). If presence of mosquitoes were related to tempera-
ture, a steady increase in temperature should be observed and those
regions of high temperatures show more WNV positive mosqui-
toes. Figure 2A (top left panel) shows distribution of LST (average
areal temperature 10.5°C) during the first week of June, 2012. As
land surface and air warm, the areal average increased (to 16.0°C)
at the end of the fourth week of June. The temperature peaked
during the first week of July to 17.5°C, falling sharply thereafter.
Traditional time-series based correlation will not be applicable
due to limited disease data as well as presence of zeroes in the time
series. Two observations from Figure 2 include (i) the largest num-
ber of WNV positive mosquitoes were found in regions where a
rapid increase in LST occurred (black box in the figure – 38.6825°N
to 37.8788°N; 82.5844°W to 81.0955°W; and include Cabell and
Kanawha counties of West Virginia) and (ii) the LST dropped
within a few weeks in July, with spread of WNV positive mos-
quitoes limited to western counties of the region (Figure 2B). If
the relationship between LST and warm air is valid, then a differ-
ence in inter-annual variability of LST should have been observed.
Percent difference is shown in Figure 3, between monthly LST in
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FIGURE 2 | Land surface temperature (°C) for (A) June 2012 and (B) July 2012. (Black box in the figure – 38.6825°N to 37.8788°N; 82.5844°W to 81.0955°W;
and include Cabell and Kanawha counties of West Virginia).
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FIGURE 3 | Percentage change in LST in July 2012 with respect to July
2011. The inset numbers on map are the percent difference in WNV positive
mosquitoes during 2012 in counties of West Virginia compared to 2011.
(Black box in the figure – 38.6825°N to 37.8788°N; 82.5844°W to 81.0955°;
and include Cabell and Kanawha counties of West Virginia).
July 2012 (highest number of WNV positive mosquitoes) and July
2011 (relative low number of WNV positive mosquitoes). Western
counties (including Cabell and Kanawha, close to the Ohio and
Elk rivers, respectively) experienced 10–15% increase in LST in
July of 2012, providing complementary evidence that LST is an
important hydroclimatic process related to emergence and spread
of WNV positive mosquitoes. One may argue that the northeast-
ern counties experienced a similar increase in temperature during
2012 without concurrent increase in the number of WNV pos-
itive mosquitoes. However, the maximum temperature recorded
in the northeastern counties, which are at higher elevation than
the western counties during 2012 was 10°C, compared to 17°C in
the western counties (highlighted by the black box), providing a
plausible explanation for the absence of mosquitoes in the region
and corroborating thresholds for temperature effect on mosquito
growth documented by other investigators (13). The counties adja-
cent to Cabell and Kanawha (e.g., Mason, Putnam, and Lincoln)
show similar LST values with Cabell and Kanawha but the number
of WNV positive mosquitoes of these counties are very low or 0,
this is perhaps lack of environmental sampling in the region. On
the other hand, several counties (e.g., Fayette, Nicholas, and Web-
ster) show similar warming trend of LST with Cabell and Kanawha
and hence have high number of WNV positive mosquitoes.
Increase in LST may not be sufficient to explain the expansion
of mosquitoes throughout the region. Mosquitoes prefer a humid
environment that often occurs in areas of high vegetation, since
such areas store more volumetric water in the vadoze zone that is
easily accessible, maintaining higher humidity. To assess the effects
of vegetation, we used a 16-day NDVI product from the MODIS
Terra platform. Percentage difference in NDVI values between
July 2012 and 2011 were computed, with the premise that NDVI
values should be higher in 2012 than during the preceding year.
Figure 4 shows an average increase of 4.5% in NDVI, marked by
FIGURE 4 | Percentage change in NDVI in July 2012 with respect to
July 2011. The inset numbers on map are the WNV positive mosquitoes in
year 2012 in counties of West Virginia. (Black box in the figure – 38.6825°N
to 37.8788°N; 82.5844°W to 81.0955°; and include Cabell and Kanawha
counties of West Virginia).
the black box, where high prevalence of WNV positive mosquitoes
was observed in 2012 (average NDVI 0.89). However, high values
(NDVI> 0.89) of NDVI indicates that the region is already satu-
rated with vegetation, which it covers part of Appalachian forests.
Precipitation was above average for July 2012 (Figure 5A) and
below average for 2011 (Figure 5B). Rainfall in July 2012 was 6′′
above normal (black box) compared to July 2011, with 2′′ less than
normal precipitation, which may be a contributing factor to the
increase in the NDVI in July 2012 and substantiating the hypoth-
esis that increased temperature and followed by precipitation are
associated with increase in mosquito population, namely Cx. pipi-
ens/restuans, the primary WNV vector in the eastern United States
(12, 14, 15).
MODEL FOR UNDERSTANDING LONG-TERM ASSOCIATION OF WNV
WITH HYDROCLIMATIC PROCESSES
Although empirical analysis supports the validity of the proposed
hypothesis, however, such observations are based on one incidence
of disease epidemic in West Virginia. In order to generalize the
outcomes and perhaps develop a predictive ability to determine
WNV mosquito risks, a suitable mathematical model is required.
Therefore, we developed logistical regression models to under-
stand association of LST and precipitation with WNV time series.
It must emphasized that accurate number of diseased mosqui-
toes as well as human cases cannot be determined in a realistic
sense; however, our interest is to identify hydroclimatic trigger
conditions that may form a basis for a future forecasting system.
Hence, as a complementary analysis, we used logistic regression
model to understand the lead–lag relationships between positive
WNV mosquitoes’ time series and LST as well as precipitation.
For the development of the model, we averaged all pixels of LST
in all counties, in Figure 1B, where more than nine positive mos-
quitoes (counties in red color) were reported for last 10 years.
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FIGURE 5 | Departure of precipitation from historical averages during (A) July 2012 and (B) July 2011. Data and images were obtained from NOAA-National
Weather Service. (Black box in the figure – 38.6825°N to 37.8788°N; 82.5844°W to 81.0955°; and include Cabell and Kanawha counties of West Virginia).
NOAA’s precipitation reconstruction over land dataset (available
at 1°× 1° resolution) over the selected counties (Figure 1B) were
used in the development of the model. Performance statistics of
five models was shown in Table 2 where goodness of fit tests (Pear-
son and Hosmer–Lemeshow) indicate that the Model 3 (LST and
precipitation at concurrent time period) performs the best among
the rest of the models. The p-values of 0.75 (Hosmer–Lemeshow)
and 0.64 (Pearson) for Model 3 shows that there is insufficient
evidence to claim that the model does not fit the data. The statis-
tical analysis was performed in Minitab in which null hypotheses
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Table 2 | Model performance statistics based on binomial logistical regression analysis.
Model 1 Model 2 Model 3 Model 4 Model 5
Goodman–Kruskal Gamma 0.39 0.42 0.65 0.54 0.48
Hosmer–Lemeshow (df: 8) – p-value 0.63 0.60 0.75 0.63 0.55
Kendall Tau-a 0.14 0.24 0.60 0.31 0.45
Pearson p-value 0.61 0.62 0.64 0.55 0.57
P(Y ) = exp(Modelx )
(1+exp(Modelx )) .
Model1 = α1 + β2. LST.
Model2 = α2 + β2. Precipitation.
Model3 = α3 + β3. LST+ γ3. Precipitation.
Model4 = α4 + β4. LSTt−1 + γ4. Precipitationt−1.
Model5 = α5 + β5. LSTt−1 + γ5. Precipitationt.
Goodman–Kruskal Gamma, Hosmer–Lemeshow, Kendall Tau-a, Pearson varies between 0 and 1; αx, βx, γx are model coefficients. Monthly data from 2003 to 2012
were used to develop the model. Logistical regression models were preferred [based on usability from literature Brown et al. (16)] since the exact number of WNV
positive mosquitoes could not be ascertained, but probability of occurrence of WNV mosquitoes can be estimated.
corresponds to model adequately fitting the data. The p-values
for Hosmer–Lemeshow and Pearson tests were >0.05 (statistical
confidence at 95%), and hence does not reject null hypotheses.
Goodman–Kruskal and Kendall Tau-a are the measures of associ-
ation that can have a value between 0 and 1, higher the value, better
the predictive ability (>50%) of the model. For Model 3 (α= 5.25;
β= 0.68; γ= 0.36; all coefficients are statistically significant at
p< 0.05),Goodman–Kruskal and Kendall Tau-a values of 0.65 and
0.60, respectively, were obtained and it indicates that model is likely
to have predictive abilities for identifying risks of conditions for
WNV mosquitoes in the region. Model 1 and Model 2 were devel-
oped to ascertain association of individual hydroclimatic process
on WNV time series; however, both of the models failed to capture
variability in the time series, further indicating that it is perhaps
the compound effect of both LST and precipitation that results in
mosquito abundance. Model 4 and Model 5 were developed under
assumption that there may be lagged relationships between hydro-
climatic processes and mosquito abundance in the region. While
the performance of models are better than the individual process
based models (Model 1 and Model 2), but is lower than Model
3. It also suggests and strengthens the argument that both LST
and temperature are the contributing factors for WNV mosquito
abundance.
Warm temperature was reported (17) to increase mosquito
population numbers and subsequent human infections with the
disease agent transmitted by mosquitoes. The basic mechanism
by which temperature has been related to mosquito growth is the
decrease caused in the length of the gonotrophic cycle, shorten-
ing the extrinsic incubation period of the virus its vector, thereby
enhancing growth of the virus (18, 19). The suggested relationship
of the impact of vegetation is consistent with results of several
studies associating vector-borne mosquito infections (16, 20, 21).
However, in our modeling experiments, NDVI was not statistically
significant and hence were not used. This is consistent with other
studies (1), since regions where NDVI values are saturated (>0.85),
inter-annual variability may not be sufficient to explain associa-
tion of mosquito population with NDVI. Role of precipitation
in creating localized favorable conditions for WNV mosquitoes is
reported in literature (19, 22), therefore, results from our study is
likely to be applicable to other regions of similar geomorphology.
CONCLUSION
Hydroclimatic processes measured by satellite remote sensing
can be useful in identifying conditions critical to emergence of
the vector-borne WNV and the outbreak of human disease that
occurred in a historically disease free region. Changes in LST, and
regional precipitation provided a favorable environment for the
mosquitoes. Using MODIS derived LST for warm temperature,
the observed increase in temperature, in combination with already
present vegetation and heavy seasonal rainfall, is concluded to be
associated with the an increase in the mosquito population in
southwestern West Virginia.
Nonetheless, the study has a few limitations posed by the avail-
ability of satellite data. MODIS data are available as a snapshot
due to sun synchronous orbit; therefore, daily average tempera-
ture cannot be estimated. However, the contextual information
provided by such data is able to characterize hydroclimatic vari-
ability in the large-scale geophysical processes and hence, it is a
valuable resource for possible disease surveillance. Monitoring
mosquito populations by satellite based hydroclimatic processes
has been suggested by other investigators, but the key contri-
bution of our study is the diagnostic understanding, based on
large-scale hydroclimatic processes measured by remote sensing
during areal surveillance and prediction of mosquito abundance,
to identify risk zones is unique. Both abundance of mosquito-
borne arboviruses, including WNV, and data on related human
infections are required to determine space-time evolution of the
disease. Disease surveillance data cannot easily be gathered on
large geographical scales and this causes a scale mismatch between
the massive data gathered on geophysical processes versus that
for disease agent and its vector. Utilization of intervention strate-
gies, such as chemical spraying to reduce mosquito populations,
has had a contrary effect, i.e., solution for virulent pathogen and
adapted insect populations. In contrast, satellite monitoring of
those hydroclimatic processes that have been linked to mosquito
abundance offers a useful means of developing predictive tools.
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